Metal oxide and quantum dot (QD) heterostructures have attracted considerable recent attention as materials for developing efficient solar cells, photocatalysts, and display devices, thus nanoscale imaging of trapped electrons in these heterostructures provides important insight for developing efficient devices.
Introduction
The interfacial heterostructure between metal oxides and metal chalcogenides is an essential factor affecting the efficiency of solar photovoltaic and photocatalytic water-splitting systems. Quantum dot (QD)-sensitized solar cells (QDSSCs) were developed in the 1990s as photoelectrodes with sunlight-harvesting capacity. [1] [2] [3] [4] [5] [6] [7] QDSSCs do not require a solid layered p-n junction film, unlike silicon solar cells, as photogenerated electrons and holes are efficiently separated at the interface of the QDs and mesoporous metal oxide, such as TiO 2 . The solar-cell efficiencies of QDSSCs have recently exceeded 7%, 6, 7 and we had previously reported that the ratio of incident photons to current efficiency of QDSSCs exceeds 80% under short circuit conditions without the application of a bias potential. [8] [9] [10] The high short circuit photocurrent of this material indicates the presence of a space charge layer or polar structure at the interface between the metal chalcogenide QDs and metal oxide particles. In addition to photovoltaic applications, metal chalcogenide QDs, [11] [12] [13] [14] such as cadmium telluride (CdTe), 11 lead sulfide (PbS), 12 cadmium sulfide (CdS), 13 and cadmium selenide (CdSe) 14 have been applied towards the sensitization of solar-driven water splitting systems. Such sensitized systems have the potential to generate hydrogen from water under visible-light irradiation owing to the narrow bandgap, high visible-light absorption coefficient, and efficient mobility of charge carriers with small effective mass. In addition to the use of metal chalcogenide QDs as lightharvesting materials in devices for solar energy production, the unique properties of the heterostructure formed by metal chalcogenide QDs and metal oxides have been applied towards the development of display and memory devices. For example, remote photochromic coloration has recently been reported in CdS QD-loaded tungsten oxide (WO 3 ) particles. 15 In this system, the photogenerated electrons in CdS are injected and trapped in WO 3 , where they act as blue color centers. Notably, this photochromic device has a responsive wavelength that is controllable by adjusting the size of the CdS QDs, and has a markedly higher decoloration rate than that of conventional metal-oxide photochromic devices using bandgap excitation of metal oxide. Injected electrons from QDs are trapped in the shallow state of the metal oxide and efficiently react with oxygen molecules in air. 15 However, to better understand electron transport between QDs and metal oxides, nanoscale imaging of trapped electrons is essential and is expected to provide useful insight for developing efficient display and solar energy conversion devices.
In the present study, Kelvin probe force microscopy (KPFM), which is a powerful tool to enable high-resolution surface potential and topography mapping of metal and semiconductor surfaces, was used to observe electrons injected into metal oxide from CdS QDs. For the nanoscale imaging analysis, CdS QDs were grafted onto the surface of atomically flat cesium tungstate (Cs 4 ) was washed six times with pure water. The precipitate was dispersed in 50 mL of an aqueous tetra(n-butyl)ammonium hydroxide (TBAOH; Aldrich Ltd) solution to achieve neutral conditions. This suspension was shaken for 10 days at room temperature and yielded a colloidal suspension with a milky appearance. nanosheets was immersed into a 0.5 M Cd(NO 3 ) 2 aqueous solution for 5 s, washed with ethanol, and then immersed for another 5 s into a 0.25 M Na 2 S aqueous solution and washed with ethanol. This two-step immersion procedure is termed as one SILAR cycle, and the crystallite growth of CdS was controlled by repeating the SILAR cycles.
Fabrication of the CdS

Measurement and analysis
Cross-sectional images of the thin films were observed using scanning electron microscopy (SEM; model SU9000, Hitachi Co., Tokyo, Japan). Absorption spectra for thin films were recorded using a spectrophotometer (UV-vis, model V-660, JASCO Instruments Ltd) by a diffuse-reflectance method with BaSO 4 as the background. Fluorescence spectra were recorded using a fluorescent spectrophotometer (F-7000, Hitachi Co., Tokyo, Japan). Surface morphologies and potential mapping of the mono-layered nanosheet film on the mica substrate were observed by scanning probe microscopy (model SPM-9700, Shimadzu Instruments, Japan). AFM and KPFM measurements were performed in the tapping mode under ambient conditions. For KPFM observation, the platinum and iridium coated cantilevers (PointProbe EFM, tip curvature: 20 nm, NanoWorld Ltd) were used, while a conventional silicon cantilever was used for AFM observation. X-ray photoelectron spectroscopy (XPS; model ESCA-5500MT, Perkin Elmer Instruments, Japan) analysis was conducted to determine the chemical states of cesium tungstate using standard Mg Kα X-rays. For visible light irradiation, a 150 W Xe lamp was used as the light source. The light was passed through a 430 nm optical UV cutoff filter (Y-43, Asahi Techno Glass Led), which allows wavelengths longer than 430 nm to pass. The spectrum of the light source was recorded by using a spectro-radiometer (USR-40D, Ushio Ltd).
Results and discussion
The nanosheets were coated on glass or mica substrates in a high crystallographic c-plane orientation using a layer-by-layer alternate absorption method, and the thickness of the nanosheets was controlled by the number of dipping cycles (see the ESI, Fig. S1 , † UV-Vis spectra). Fig. 1 Fig. 3(a) ), CdS QDs and Cs 4 W 11 O 36 2− nanosheets were clearly observed on the mica substrate. Fig. 3(b) shows the KPFM image before visible light irradiation, which reveals the mapping of work function on the same area with Fig. 3(a) . Work function is the energy of the Fermi level versus the vacuum level, thus the work function becomes smaller when electrons are located at negative potential sites. According to the result in Fig. 3(b Fig. 3(c) ), but did not markedly change in regions where CdS QDs were not deposited ( point (ii) in Fig. 3(c) ). These trends were also observed on a different area, where many QDs were deposited ( point (iii) 2− film prepared on a glass substrate were also recorded after visible-light irradiation ( Fig. 3(d) ). The shape of the XPS curve was deconvoluted into two doublets: a main doublet at 36.1 eV that could be assigned to W-4f 7/2 orbital, and a second doublet at 38. QDs to metal oxide in the present study proceeds under the same process as that in a quantum dot sensitized solar cell. 8, 9 The potential of excited electrons in the conduction band of CdS QD is higher than that of the Cs 4 W 11 O 36 2− nanosheet, 16, 22 thus the excited electrons in QDs can be injected into nanosheets. Injected electrons in the conduction band of the Cs 4 W 11 O 36 2− nanosheet are still in the excited states, thus these electrons are trapped at more stable sites as color centers, which have been observed as W 5+ species in the nanosheet crystal by XPS analysis. According to the KPFM image after light irradiation (Fig. 3(c) ), electrons were injected into an area extending several tens of nanometers from the junction point with QDs, indicating that the electrons were hopping and diffused into the Cs 4 W 11 O 36 2− nanosheet. The electron diffusion length estimated here is reasonable, as a previous study reported that the space charge layer of Cs 4 W 11 O 36 2− without a dopant was several micrometers. 16 When the Cs 4 W 11 O 36 2− nanosheet was stored under dark conditions in ambient air for several minutes, the Fermi level of the nanosheet returned to its initial state, as the trapped electrons rapidly reacted with the oxygen molecules in air.
In addition to the nanoscale imaging, we investigated the macroscopic color change that occurs in the CdS/Cs 4 W 11 O 36 2− nanosheet composite film upon light irradiation (SEM images are shown in Fig. S7 †) . Fig. 4(a) shows optical absorption spectra of the film before and after visible-light irradiation. Photos of the CdS/Cs 4 W 11 O 36 2− composite film before and after visible-light irradiation are also shown in the inset of Fig. 4(a) . The CdS/Cs 4 W 11 O 36 2− composite film turned blue after the visible-light irradiation, indicating that remote photochromic coloration occurred in the QDs/nanosheet heterostructure ( Fig. 4(a) species, which form the dark blue color centers in the nanosheet. The observed color change was reversible and was clearly detectable by the naked eye, as shown in the inset photos of Fig. 4 These results suggest that the long-term stability of QDSSC systems is improved by the introduction of a sacrificial agent. In addition, the previous findings from studies on core-shell QD structures suggest that the use of a surface passivation coating may lead to higher stabilities.
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Conclusions
We performed nanoscale imaging of trapped electrons in metal oxide nanosheet and quantum dot heterostructure by KPFM and revealed that excited electrons in CdS QDs are injected into Cs 4 W 11 O 36 2− nanosheets and cause a negative shift in the work function of the nanosheet near the junction with CdS QDs. These findings provide insight into the electron transport and trapping processes that occur in metal oxide and metal chalcogenide heterostructure, such as that found in quantum dot-based solar cells and photocatalytic water-splitting systems. Further, the present research provides the unique photochromic device, termed remote photochromism with multi-color tunability and a rapid color-change response.
As the photochromic device is driven by the visible-light excitation of QDs, the color change is tunable by the quantum size effect of QDs. In addition, because the diffusion length of trapped electrons in the nanosheet is very short, the electrons easily react with oxygen molecules in the decoloration process. While the present KPFM imaging has been performed on the interface between metal sulfide quantum dots and metal oxide nanosheet, this technique can be useful to discuss the charge transport phenomena at various interfaces, such as p-n junction semiconductors, cocatalyst promoter modified metal oxide photocatalysts, and organic-inorganic hetero-junctions. The methodology described in the present study for imaging nanoscale charge carriers is expected to aid in the development of solar cells and photocatalysts, as well as unique display and memory devices.
